Abstract One of the key assumptions of the Standard Model of fundamental particles is that the interactions of the charged leptons, namely electrons, muons, and taus, differ only because of their different masses. While precision tests have not revealed any definite violation of this assumption, recent studies of B meson decays involving the higher-mass tau lepton have resulted in observations that challenge lepton universality at the level of four standard deviations. A confirmation of these results would point to new particles or interactions, and could have profound implications for our understanding of particle physics.
only undergo weak interaction. The SM assumes that these interactions of the charged and neutral leptons are universal, i.e., the same for the three generations.
Precision tests of lepton universality have been performed by many experiments. To date no definite violation of lepton universality has been observed. Among the most precise tests is a comparison of decay rates of K mesons, K − → e − ν e versus K − → µ − ν µ [4] [5] . Furthermore, taking into account precision measurements of the tau and muon masses and lifetimes, the measured decay rates τ − → e − ν e ν τ and µ − → e − ν e ν µ , have confirmed the equality of the weak coupling strengths of the tau and muon [3] .
However, recent studies of semileptonic decays of B mesons of the form B → D ( * ) − ν , with = e, µ, or τ , have resulted in observations that seem to challenge lepton universality. These weak decays are well understood in the framework of the SM, and therefore offer a unique opportunity to search for unknown processes, for instance non-SM couplings to yet undiscovered charged partners of the Higgs boson [6] or hypothetical leptoquarks [7] . Such searches have been performed on data collected by three different experiments, BABAR and Belle at e + e − colliders in the U.S.A. and in Japan, and LHCb at the proton-proton (pp) collider at CERN in Europe.
In the following, details of the measurements, their results and preliminary studies to understand the observed effects will be presented, along with prospects for improved sensitivity and complementary measurements. This article is partially based on an earlier review with the same title [8] . 
Standard Model Predictions of B Meson Decay Rates
According to the SM, semileptonic decays of B mesons are mediated by the W − boson, as shown schematically in Figure 1a . The differential decay rate, dΓ , for semileptonic decays involving D ( * ) mesons depends on both m 2 and q 2 , the invariant mass squared of the lepton pair [9] ,
universal and phase space factors
(1)
The first factor is universal for all semileptonic B decays, containing a quark flavor mixing parameter [10] |V cb | [11] for b → c quark transitions, and p * D ( * ) , the 3-momentum of the D ( * ) meson. The four helicity [12] amplitudes H + , H − , H 0 and H s capture the impact of hadronic effects. They depend on the spin of the charm meson and on q 2 . The much larger τ mass not only impacts the rate, but also the decay kinematics via the H s amplitude. All four amplitudes contribute to B → D * − ν , while only H 0 and H s contribute to B → D − ν , which leads to a higher sensitivity of this decay mode to the scalar contribution H s . The minimum value of q 2 is equal to m 2 . Measurements of the ratios of semileptonic branching fractions remove the dependence on |V cb |, lead to a partial cancellation of theoretical uncertainties related to hadronic effects, and reduce of the impact of experimental uncertainties. The averages of the current predictions [13, 14] and [14, 15, 16] for the two ratios are
The predicted ratios for B(B → D * µ − ν µ ) are identical within the quoted precision. In the following, B → D ( * ) τ − ν τ ) decays are referred to as the "signal", and B → D ( * ) e − ν e ) with = e, µ are referred to as "normalization".
B Meson Production and Detection
B meson decays have been studied at pp and e + e − colliding beam facilities, operating at very different beam energies.
The e + e − colliders operated at a fixed energy of 10.579 GeV in the years 1999 to 2010. At this energy, about 20 MeV above the kinematic threshold for BB production, e + and e − annihilate and produce a particle, commonly referred to as Υ (4S), which decays almost exclusively to B + B − or B 0 B 0 pairs. The maximum production rate for these Υ (4S) → BB events of 20 Hz was achieved at KEK, compared to the multihadron non-BB background rate of about 80 Hz.
B mesons have very low momenta, ≈ 300 MeV, and therefore their decay products are distributed almost isotropically in the detector. The BABAR [17, 18] and Belle [19] detectors were designed to cover close to 90% of the total solid angle, thereby enabling the reconstruction of almost all final state particles from decays of the two B mesons, except neutrinos.
The LHC pp collider operated at total energies of 7 and 8 TeV from 2008 to 2012. In inelastic pp collisions, high energy gluons, the carriers of the strong force, produce pairs of B hadrons (mesons or baryons) along with a large number of other charged and neutral particles, in roughly 1% of the pp interactions. The B hadrons are typically produced at small angles to the beam and with high momenta, features that determined the design of the LHCb detector [20, 21] , a single arm forward spectrometer, covering the polar angle range of 3 − 23 degrees.
The high momentum and relatively long B hadron lifetimes result in decay distances of several cm. Very precise measurements of the pp interaction point, combined with the detection of charged particle trajectories from B, D and τ decay vertices are the very effective method to separate B decays from background. BABAR and Belle exploit the BB pair production at the Υ (4S) resonance and have independently developed two sets of algorithms to tag BB events by reconstructing a hadronic or semileptonic decay of one of the two B mesons, referred to as B tag . The hadronic tag algorithms [22, 23] search for the best match between one of more than a thousand possible decay chains and a subset of all detected particles in the event. The efficiency for finding a correctly matched B tag is unfortunately small, typically 0.3%. The semileptonic tag algorithms relies on a few decays modes with larger branching fractions, resulting in an efficiency of about 1%. However, the presence of the neutrino leads to weaker constraints on the B tag and more importantly on the signal B decay. 
Measurements of
decays. The use of a single decay chain significantly simplifies this analysis and the reduced efficiency is compensated by the very large production rate of B mesons at the LHC. The bulk of the background is rejected by requiring that all charged particles from the B candidate (and no other tracks) originate from a common vertex that is significantly separated from the pp collision point.
While for BABAR and Belle the B momentum is fixed and known precisely, die LHCb the direction of the B momentum is inferred from the reconstructed pp collision point and D * + µ − vertex, and the magnitude of the B momentum is estimated by equating its component parallel to the beam axis to that of the D * + µ − combination, rescaled by the ratio of the B mass to the measured D * + µ − mass.
The yields for the signal and normalization B decays, and various background contributions are determined by maximum likelihood fits to the observed data distributions. All three experiments rely on three variables: The invariant mass squared of all undetected particles, m 2 miss = E 2 miss − p 2 miss , E * , the energy of the charged lepton in the B rest frame, and q 2 , the invariant mass squared of the lepton pair. E miss and p miss refer to the missing energy and momentum of the B meson. BABAR and Belle restrict the data to q 2 > 4 GeV 2 to enhance the contribution from signal decays. Control samples are used to validate the simulated distributions and constrain the size and kinematic features of the background contributions. BABAR performs the 2D fit, whereas LHCb divides the q 2 range into four intervals, thus performing a fully 3D fit. Belle combined two 1D fits, 1) to the m (Figure 3 a,d ), dominated by normalization decays with a single neutrino, whereas the signal events with three neutrinos extend to about 10 GeV 2 . For B → D − ν decays, there is a sizable contribution from B → D * − ν decays, for which the pion or photon from the D * → Dπ or D * → Dγ decay was not reconstructed. For LHCb, the peak at zero is somewhat broader and has a long tail into the signal region (Figure 3 h ) because of uncertainties in the estimation of the B sig momentum. The E * distributions (Figure 3 c,f,i) provide additional discrimination, since a lepton from a normalization decay has a higher average momentum than a lepton originating from secondary τ − → − ν τ ν decays.
Among the background contributions, semileptonic B decays to the higher mass D * * mesons are of concern, primarily because their branching fractions and form factors are not well known. These D * * states decay to a D or D * meson plus additional low energy particles which, if not reconstructed, have a broader m 2 miss distribution. They can be distinguished from signal decays by their E * distributions which extend to higher values. At LHCb, an important background arises from B → D ( * ) H c X decays, where H c is a charm hadron decaying either leptonically or semileptonically, and X refers to additional low mass hadrons, if present. These decays produce m 2 miss and E * spectra that are similar to those of signal events (Figure 3 h,i) .
LHCb recently reported a measurement of the ratio R D * + using τ [25] . By requiring a 4σ separation of the 3-prong vertex from the B decay vertex, 99% of the
background is removed, while 34% of the signal is retained, and the purity of the signal sample improved by a factor of four compared to the purely leptonic τ − decay.
The signal yield is extracted via binned fit to a 3D distribution for τ decay time (based on the estimated 3-pion momentum), and q 2 , in 4 bins of the output of the BTD (Boosted Decision Tree) algorithm employed to suppress various backgrounds. Figure 4 shows the projections of the three distributions, resulting in a yield of (1296 ± 86) signal events. This rate is normalized to a much larger sample of B 0 → D * + π − π + π − decays. Correcting for efficiencies and the τ branching fraction, this translates to
Taking into account the averages of measurements of the two branching fractions, LHCb quotes
With much larger future data and MC samples this method holds great promise for future analyses exploiting the 3-prong τ decay vertex. Figure 5 shows the measured values for R D and R D * by BABAR [23] (including a more recent measurement using τ + → h + ν τ decays, where h + refers to a π + or ρ + ), and LHCb [24, 25] . The averages of the measurements [28] are
Both values exceed the SM expectations. Taking into account the correlations, the combined difference between the measured and expected values has a significance of close to four standard deviations.
Interpretations of Results
The results presented here have attracted the attention of the physics community and have resulted in several potential explanations of this apparent violation of lepton universality in B decays involving the τ lepton.
Among the simplest explanations for these observed rate increases for decays involving τ − would be the existence of a new vector boson, W − , similar to the SM W − boson, but of greater mass, and with couplings of varying strengths to different leptons and quarks. This could lead to changes in R D and R D * , but not in the kinematics of the decays. However, this option is constrained by searches for W − → tb decays [32, 33] at the LHC collider at CERN, as well as by precision measurements of µ [34] and τ [35] decays.
Another potentially interesting candidate would be a new type of Higgs boson, a particle of spin 0, similar to the recently discovered neutral Higgs [36, 37] , but electrically charged. This charged Higgs (H − ) was proposed in minimal extensions of the SM [38] , which are part of broader theoretical frameworks such as super- Fig . 5 Results from BABAR [23] , Belle [26, 27] , and LHCb [24, 25] : Their values and 1σ contours. The average calculated by the Heavy Flavor Averaging Group [28] is compared to SM predictions [29, 30, 31] . HT and ST refer to hadronic and semileptonic tag analyses.
symmetry [39] . The H − would mediate weak decays, similar to the W − (as indicated in Figure 1 ), but couple differently to leptons of different mass. The q 2 and angular distributions would be impacted because of the different spin of the H − .
Another feasible solution might be leptoquarks [40] , hypothetical particles with both electric and color (strong) charges that allow transitions from quarks to leptons and vice versa, and offer a unified description of three generations of quarks and leptons. Among the ten different types of leptoquarks, six could contribute to B → D ( * ) τ ν decays [7] . A diagram of a spin-0 state mediating quark-lepton transitions is shown in Figure 1b for the B decay modes under study.
BABAR and Belle have studied the implications of these hypothetical particles in the context of specific models [23, 26] . The measured values of R D and R D * do not support the simplest of the two-Higgs doublet models (type II), however, more general Higgs models with appropriate parameter choices can accommodate the measured ratios [41, 42, 43] . Some of the leptoquark models could also explain the measured values of R D and R D * [44, 45, 46] , evading constraints from direct searches of leptoquarks in ep collisions [47] at HERA [48, 49] and pp collisions at LHC [50, 51] .
The kinematics of B → D ( * ) τ ν τ decays should permit further discrimination of new physics scenarios based on the decay distributions of final state particles. The q 2 spectrum [23, 26] and the momentum distributions of the D ( * ) and electron or muon [27] have been examined. Within the current experimental uncertainties, the observed shapes of these distributions are consistent with SM predictions.
Conclusions and Outlook
While the observed enhancements of the semileptonic B meson decay rates involving a τ lepton relative to the expectations of the SM of electroweak interactions are intriguing, their significance is not sufficient to unambiguously establish a violation of lepton universality at this time. However, the fact that these unexpected enhancements have been observed by three experiments operating in very different environments deserves further attention.
At present, the measurements are limited by the size of the available data samples and uncertainties in the reconstruction efficiencies and background estimates. It is not inconceivable that the experiments have underestimated these uncertainties, or missed a more conventional explanation. Furthermore, while it is very unlikely, it cannot be totally excluded that the theoretical SM predictions are not as firm as presently assumed. Currently, the experimenters are continuing their analysis efforts, refining their methods, enhancing the signal samples by adding additional decay modes, improving the efficiency and selectivity of the tagging algorithms, as well as the Monte Carlo simulations, and scrutinizing all other aspects of the signal extraction.
At KEK, the e + e − collider has undergone major upgrades and is expected to enlarge the data sample by close to a factor of 40 over a period of about ten or more years. In parallel, the Belle detector has also been substantially upgraded, and following commissioning Belle II is expected to be in full operation a year from now.
The much larger event samples should lead to more precise measurements B → D ( * ) τ ν τ decays, based on detailed studies of their kinematics, i.e. q 2 and angular distributions, as well as the τ polarization in B → D * τ ν τ decays. The feasibility of such a measurement has recently been demonstrated [52] . The first measurements of R D * * [53] should lead to a significant reduction of the uncertainties in the estimate of this background for R D ( * ) measurements. Belle analyses will be critical to improved understanding of form factors for various semileptonic Band D meson decays.
The unique capabilities of Belle II should allow studies of inclusive semileptonic decays, like B → X u + ν τ ( = e, µ, τ ) for both charged and neutral B decays; X u refers to the sum of non-charm states X u . The larger data samples and developments of more refined tagging algorithms will benefit many analyses, in particular B − → τ − ν τ decays, should lead to significant reductions in statistical uncertainties and thus allow more stringent tests of SM predictions for these purely leptonic B meson decays.
By the end of 2018, the accumulated LHCb data sample is expected to increase by a factor of three. In the near future, LHCb will complete several important analyses, among them their first measurement of the B → Dτ − ν τ decay, which will also improve results for B → D * τ − ν τ . In parallel, samples with the τ − → π − π + π − ν τ decay mode will be used to improve the signal purity.
In the longer term future, LHCb is planning to further enhance the trigger selection and data rate capability to record much larger event samples.
Given the large production rate of B s and B c mesons and various B baryons, LHCb is planning a broad program to measure their semileptonic branching fractions and form factors and to search for deviation for SM expectations. For instance, B Independently, several experiments have examined decay rates and angular distributions for four B + decays, B + → K ( * )+ µ + µ − and B + → K ( * )+ e + e − . In the framework of the SM, these decays are very rare, since they involve b → s quark transitions. LHCb [55] published a measurement of the ratio,
B(B + → K + e + e − ) = 0.745 ± 0.090 0.074 ±0.036.
This results is 2.6 standard deviations smaller than the SM expectation of about 1.0. Some theoretical new types of interactions could explain this result. For instance, leptoquarks can mediate this decay and result in higher rates for electrons than muons [56, 57] . BABAR [58] , LHCb [59] and Belle [60] have analyzed angular distributions for the four decay modes and observed general agreement with SM predictions, except for local deviations, the most significant by LHCb at the level of 3.4 standard deviations. Again, more data are needed to enhance the significance and find possible links to B decays involving τ leptons.
In conclusion, we can expect much larger event samples from the LHCb and Belle II experiments in the not too distant future. These data will be critical to the effort to understand whether the tantalizing results obtained to date are an early indication of beyond-the-SM physics processes or the result of larger-than-expected statistical or systematic deviations. A confirmation of new physics contributions in these decays would shake the foundations of our understanding of matter and trigger an intense program of experimental and theoretical research.
